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ABRSTRACT

A case hisory 5 presemted perwining 10 piping vibrations in o
medivm consistency poper pulp pumping sysiem ol a large Marth
Americun imegrated palp and paper mall that uliimaiely resulled in
plpe naprure. The system was designed o trunsfer pulp o 12
percent oven-dry consistency (12 percent fiber—HE percent water
by s} from & wisher sage 1o 8 siorage tower through nearly 700
it ol 20 in diameter pipe. Testing and analyses wene performed an
the ayswem o diapnose the prodem and develop o solaticn to
reduce the piplag vibraticns and prevent fusther filures.

Initial rests on the sysiem indicated the piping had pressume
pulsations of between 50 psi and | psi peak-to-peak which wene
exerlmg a shaking force of approximassly 15,000 Th to 30000 1k
preak-to-peak af exch of sevenscen W degres elbows in the piping
syatem. The frequencies of the major pressure palsations were ot
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13 Heand 3.8 He, which corresponds w the one-guirtes anid thaee-
quaiier (closed-open pipang svelem) sanding pressure waves in the
papieg systern. These forces prodisced by the palsations coused the
papang system fo respod ol the natural frequenciss of the pipe and
appiet slractape ol each sectbon of the pipe systemn.

Ateimpis o pedece the amplinedes & the stnding wave
Friquencies with anesuapors {vilve or shear plates) m the eed of the
prpedime wene il spoeesalul due to e natre of the pulp and Bow
prilsation problems. Some success wos achbeved by changing the
stnndimp wave [acoustled freguensy with the additdon of gas 1o the
palp m order 1o change the bulk densivy, b chis was desmed an
imgractical solution,

The problem was dognoscd ss an inlemmction beiween the
cenlral system and the pipang syatean. The source of the pulsation
coevgy was troced e the coitral valve locaied immedinbely
doswnscream of the cemrifugal pump, Streahal voriex shedding
frequencies were pemerated at the exit of the contral walve ball
which exiaed acoustle standing waves in this pamicular piping
sysiem and amplifed the pressure pulsatbons. Bvidence iz
prescitted tlsa shows that the palsation smghiade was dependen
upen the vulve ball position and motbos; therefore, il valve was
removed ard an aliermate imethod of system contied with o different
miechanism was used that eliminsted the source of the harmiful
palsalims.

The aillors preses sppllcatbon guldalines mended o pssist the
redder i evalustihig pipe sysiem deslgns for ibe potestkal of
stulimg wave excitatbon. The Strowhal vomex energy from i
contral valve s discussed, Also, (b caleulation of acoustic veboeity
i coverad mcluding the effecis of terpernire, énrained air, and
pulp consisEncy,

DESCRIPTION OF PUMPING SYSTEM

Thi systern consists of wae neorly klemises] pumps and pepeng
sysiems located moa ]'ru'l|:| mill. The prurprae i the systems is 1o
tramsfer mediom onmsistency poper pulp ot 12 percent oven-dry
congiseeey from the brwan stock washing stage 1o o 50X ton
giorage tower to await bleaching. Typically, in the making of
chengcally prepored wood pulp suspensions. wood chips ane
coaked i a digester with suilable cooking “lguos” o conven ihe
chip into the wood fibers Froim whech paper s mode. The pulp (s
then put through a series of brown stock washers in onder o
displsce the coaking liquor with swater and Bo recover the cooking
I.iqur.u' '|1|:|.r||:|.' for fiaezl and panily for s, The decker is a device
thoi serves 2 the finol singe in the brown sicck washing process,
along with thickening the palp from besween one amd ane-half and
thice percem 10 12 percent comsistency, The syssems here are
referred o as the “easi”™ and "“west" decker pump systems and wene
cuch designed 10 deliver 360 ADST (an-drksd shor-tons per
day} oL 450 gpm of 12 percent consisency pulp o the siorage
tewarer, The pumps are d = B— |8 size and prodisce 650 01 of besd a
the rated Fow in this system al a mumming speed of approcdmasely
lﬁl.'ﬂr[n'n using a four-pale motor and a sheave Wohall drive.

Poper pulp, or paper “sinck™ o il is someiimes referred Lo, s o
suspension of wood fihers in waler or ol mjuenis solution. AL
kv fiber consistencies (Lypscally one percemd o less) the lbems
move freely in the suspension. Above this consistency the hibers
tend o H:ghrn:rnu imio fiber bundles, or flocs, in which the Hbers
are mechanically emlangled. Rheologecally, wood pulp suspensions
highave as mon-Mewionian, viscoelasiie maiernals os 2 resull of the
fiher metwiark that is frmed. Pipe friction losses for chemical polps
are higher then for water, exoept o very high velocities. nnd
increase with incrensing consistency [[]. In the mediom
consistenty mange (from approximately 8§ percent o 15 percent
oven-dry consistency), the fiter network is extremely strong with
an npparent viscosity reported in the range of 0.33 Ib-see/f? (2]
This results in relabvely high pipe [rictim loss, Typically,

dascharpe pipe sysiem desipns are kept in the flow velocity mnge
of 0.3 to L0 fifsec in an effon o minimize friction kosses, which
are usenlly hetween (L5 <l |0 fit of water per A of pipe lenpth,

The pump applisd b this service is o medium consistency
centrifugnl pamp as thown in Figure 1. The pump is equipped with
an inducer 10 assis in feeding pulp to the impeller. Mediam
consissency palp contnins large amouris of epiruined air As a rule
of thumb, the nmoant of emimined air by percemtage wlume is
namerically equal we the consistency by mass percent, bul this can
vury widely depending on fiber type, process, lemperatare, and
eeversl rther varishles. As o result, the pump is also equipped to
separate and remove the emtmined air thmough 3 wacoum i
remioval sysiem, The suciion of the pump is attached 10 a “suction
sinnedpape.” which is & cylindrical vessel four fi diametsr by 15 It
tall. The veses| is gravity fed from the east or wesl decker, lacaled
i ihe floor above the pumps. The Mowraie of ike pulp is conirolled
by n V-secior hall valkve locabed ai the pamp discharge fAange which
receives i signad from @ level sensar mounted within the stamdpipe.
An suxilinry control system (the dilution control) is also maunled
on ibe suction susdpipe, bot i onot required wnder ooomal
opernting conditions, Typical componenis that make up 0 medium
comsistency pump system are shown in Figure 1
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Figare 1. Crogr Secilon of g Mediwn Coanintency Centrifugal
Paper Stock Pump
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The piging sysem shown in Figure 3 is an isometsic drawing of
the east decker pump piping, The west piping syabom 8 identical
excepit for the first few feet ai the pump. The sysiems are hisng
side-by-sade from poims O o | The pips iself i 20 i diameeer,
.25 in wall thickness stzinless steel (Schedule 10} and extensds
siome GHS 11 kn bengzih with an elevation increase off 120010 There ang
severieen 90 degres elbows distribuizd alang the length of the
piping with severnl 45 degres elbows, The pipe is supponced ag
point B by & dhort columm fived to the mascary fGoor. The piping
was origmally hung with weight hangers fram the exasting bullding
structuce which resaleed in low mechanical namral {requencies of
the piping and stociore, Braces have been wdded o s pipe o
resigd e vibrolions; howewer, the broces . camnol compleiely
restrnim the large forces generated by the pressune pulies.

L,

A = P1, 4" CNTRL VLV
B = F2, PUMP ELBOW

C=P3
D = P4 _
E=P5 D
F = P8
G="F7
H=Ps

| = HIGH DENSITY TANK

Fipire 3. Eapr Decker Piping Svsdem [sowpetnic Drawing.

The west decker sandpipe, the pump, ond the first pipe anchor
al point B an the semetric are shown in Figare 4. From podits C
to E, the pipe is hung on a preexisting masomry buildmng that
hwouses i brownsiock wishers, deckers, and pumps. A phaoograph
of point © on the isemetric drawing is presented in Figure 3, The
banger an the left ks the onginal pipe hanger; he one on he Hgh
swas stlded |5 an sthempt oo stiffen the pipe system. Mode il signs
al relative movement between tlee pipe and the origingl hange
indicating a large smount of pipe motion. From poins E o F ahe
pipe 15 hung from a preexisting columa ol beam strocture

A photograph is shoan in Figeee § from peint E on the isomeiric
loaking dowmstiesm 25 the piping enters the beam und colimn
siructure. This was the sile of severa! pipe rupiares i both sysiems
The original pipe hangers can be seen in the background while the
beam trosd ghown in the foreground was achled aller problems
mrewes. Frarn the 90 degres albow (Figure T) between painls F oansd
G 1o poinl H, the pipe i= supported m a pipe mck. Fually, from
painl H b the conclusion af point 1 the pipe i supported on
hamgers mounted 1o the side and 1op of the maseary storage WWer,
us shown in Frgure &

Fiprire 4. Went Decker Pump, Stmepipe. Condnd Walve, o
Dircharee Pipe

Figure i St and Wext Deoker Pipimg Sysiems froin Pafar £,

DESCRIPTION OF FROBLEM

During startup ard commissioning of these pumps, eatremely
large znd vicdent vibrations were ahserved in hoth piping systems.
Over tme, damage occurred 60 the piping and ils suppocting
stroctures, inchading ropiured pipe. cracks in masonry Supprs,
failures of diagonal cross brocing i the column, end beam suppar
struciures, smd fustenes fablionss on the pipe rock. Obviously, these
events resalicd in production delnys and safety issues thal wens ol
great corcem b the oweer of the sysiems, Initinl snnlysis mdcaed
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Flgure T. Enst avd Went Decker Pptug Systern-Elfbow Benwven
Pz F ared G,

Figure & Eaxt and West Decker Piping Syitens froan P 1,

that the pumps were performing propery. ibserefore, atlention
turmexd 10 the piping sysiem. Several madifications bad been mads
bo che piptng system that were desipned 10 support the pipe and
stiffen s support srucieres, None of tese modifications resolied
im any stgnificant reduciion in the vibralios.

Al thes poiet, o feeld test amd snalyels of the ooare of the
vibrations wias underaken o determine their source, Several Lypes
of transducers were wsed o scquire the field datn inchuding
sccelerometers {piping  vibeations), staticfdymamic pressare
Iransducers (pressure pubsations ) and scrain gages (pipe stroin], The
data that were acquired during the feld sy are presenied in
frequency spectrn and complex wave shipe formals. A complese

listmg of the nsmumentation along with signal processing
equipment is presepied i AFPENDIX A

The pulsation fregoencies measured wine well below amy of the
ormal pump-relned freguescies; twrefore, the pump el was
mil comsidered in be ihe source of the problem. The pulsstion i
vamé passing frequency was measuzed 4l ome pei penk-to-peik
(approximately one-third of one pereent of developed headi which
1= noemal for o pansp of this e

The preliminary tests of the vibrition amd pulsation in the eass
decker piping system confinmed 4@ sianding pressure wave
{resomance) thet produced polsation peaks of 80 psi o 110 psi
peak-to-penk, A plat of pressire v ime (Figure 53 for tes polisis
P1 and P3 For o flowrate of 373 gpm and 124 percent consistency
indicages the severity of the pressure pulsations. The pressue
wives are reflecoed an the charge b Dow area (control valve) ol the
pump and ot the end of the pipe o ibe somge @k, Prespe
pulsations were mensured of several locations along the length of
the discharge pipe, ns shown in Figure 3, for the pumpose of
conflirming the exismence of sunding waves. & plog i= shown m
Figune Ihof pressure vs frequeney Toe each of the gight sess point
localions taken at a0 flewrale of 524 ppm o and | 1.4 percent
comsistency, The palsmibon amplitudes produced a lorge shaking
liwee on the: pipe ot ihe elbows thal caused the observed vibmrions,

:"thE TEE]‘ F‘T m -.-:. m-_.| |1r'-'

r.ri,. '

J'hLLHuW

Figiere 9 Presvwe vs Tine @ B and P31

The pailsalions were predominsnily ot 1.3 He and 3,8 He, which
ez characteristic of @ one-quaner amd 2 three-guarner standing
pressune wave, respectively, in the pipe 3] The mode shape of &
alamiing wave is charoierized by dymumic pressure amplitsdes
it wary in o siriscidal pattem along the length of the pipe, The
sodid curve shown In Flgure | 18 a guaner sice function snd the
dushed line ix o thees-guartes sne Finebon for the length of the
pips From the pump o the storage taek. The sodid circles are the
pressire pulsgibon amplivades ot 1.3 He o the test poing Tecations,
The solid squares are the pressire pilsation amplitudes ar 3.8 Hz
al the lest paint locotions. The phasing of the pulsstions m 3.8 Hz
For the first three plomed poinis (2ero w 225 ) was ool of phase
wilh the oiher pulsations (323 0t o 65 M) kst mniched the
theoreticul pattern of the three-quaner wave. The close march o
the pulsation pmplitades and phase with the theonstical amplinades
canfirms the exislence of e sanding waves.

The acoustic weloeity of the mediom consisiency palp ramged
fram 2HH) fifses wo 3700 fusec. For comparshle conditions, the
acoustic vebocity of woler is 5000 isec o 5100 ftsec, The pipe
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Dwecker Piping Syrfem.

wall fexibility redoces the effective acousbc mlnl.'il]- 1o 22HH
Flfeec i 2ROHD fftsec, The fidlowimg equations for a Mewlaman fusd
were wsed as guidelines m evaloating the acoustic resgronse af e
medivm consigtency pulp [4]:

The relaticn for 3 guarier wave resonanoe;

f=(2N = 1} {adl} i1}
where:
= |, 3, 3. = harmomic,
T B
n = the velocity of sonimitl im an elastic constniner (acousbc
velocily], fu'sec

L = iolal pipe lengh, it
[ = qguarer wave resonance (requency, He
The relatton for the velocity of sound of a fmd in pipe:

a = [2(gBEip)l2 {1414 DEAE,HLT (23

z
A

seceleration of pravity, ftfsect
densily of fluid, h'fi?

balk modulas of Auid, lbin®

menn pipe dinmeter, in

pipe wall thickness, in

E, = chastic modulus of pips wall, Ifin?

Hore: The nulbors acknowledge hst the qUANET-%ave TEEONANGE
amil acowstic velochly relstions presented here are most properly
applied 10 8 Mewionisn fuid, while medinim consisensy paper
pulp i 4 complex, non-Mewtomian matenal. Howeser, by making
correctig for density, iempersivne, and ibe effects of enrained air
fas showi in APPEMDHX Bl ihese equstions vield ressonable
appraximalons.

bl ~ B0
wmuwnnn

Seanding pressure waves are the resull of reflsced pressare
pullses fraveling back and forih along the pipe. A pulsation all 100
psi peak-io-peak is o pressure varintion of = 50 pu from ling
pressure. Ag the pressure wave passes an elbow, the 50 psi pressure
wave acts an the prijected area of the 20 in pipe elbow (299 s )
anid causes a force of aboul [5KH b [9). This calculaison i
illusirated in Figure 12 The pressure wave may prodice a “shock”
an the piping system which can cowse it 10 vibrale af 15 nsteral
mechanical freqoency, nol necessasily ol the major pulsalion
frequency, This effect may be seen in Figure 13 that shoees that the
major pulsation freguency (race 1) and the pipe vibralon (race 2]
occur ai different frequencies. I the pulsation freguency matched
the pipe mechanical resonant frequency, the vibeations could be
much larger.

Fy = FA

F = Poiaiie T Fpymamic

P__L_____

d = Projecied Ared
Toynamiz = Piymomis A = Fz = Fy
Fr = & Phmamie Acos{@s2)
Figure 12, ynamic Farce ap Fipe Elbow
Bince “stick-slip” flow is o possibility in medium consistency

pulp pamping systems al low, nonsteady Nowrales [5]. ests wens
muode a1 net pips fAowmies of 034 flsec o 086 fusec and

consstencizs from %4 perceni o 126 percenl in an effon io
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confirm or refule this phecomenan a8 the canse of the pulsations,
“Stick-slip” Aow is a momentary stoppage of Mow csused by the
friction between e pulp and the pipe wall. The pressure
pubsations were approximately 100 psi peak-to-peak, indepemdent
of these st conditions. Varistkons in the pipe flow welocity and
stock consissency did mot have a noticeable effect on the pulsation
amplitudes, These flow welocities were above the threshold
velocity for “stick-slip” flow for consistencies sbove 10 percen
anid the pressure pulsabons were unchamged. 11 “stick-lip” flow
were the cause, the pulsations would be significantly reduced
above the threshold Nowrate (03 fidfsec, for 1l percent
comsistency b On the basis of these dats, “stick-slip™ flow has been
eliminaled as the cause of the pulzstions in this system.

During tbe testing. a modulaion in the pulsstion frequendcy and
amplitude was cheerved. The pressure signal in Figure 9 shows
frequencies varying from 08 He to 14 He The [lroquency
medulation repeated afier 15 o 20 sec. This repeat rale correlnied
b thse valve position that changed as moch as 10 percent ot tmes,
This frequency amd amphimde mwdulsibon was related 1o the
control walve changing position b responss e stondpipe level
combrol sensar signal w the controed valve, The pulsation pmplitude
also varied from 80 ps o 110 pai peak-io-penk a= the frequency
changed. These datn wese the first to point o the control valve a3
the possible source of the pulsations since changes (o the walve
resubted in changes in the naiure of the pressure palses. As o resull
of these data, iesls were perfarmed, whereby the proportional gain
al the valve was changed and the pulsstion ﬁwurm:;-' amid
pmiplinsde were observed, in order 19 feriber confirm the conpmol
viilve aperation ns the souroe of Wb pulsations. The changes in
amplitsde of the major palsaten frequencies with different gain
seitings are dhistraved in Fagaies 14, 15, and 146 The data indicated
that the amplitides and freguencies of the pulsntions changed as
ihe gain setting chanped. The one-guarter and thees-guarter
standing wave frequencies were predominant, while a 0.5 Hz pulss
wis exlnbited amd was particularly strong m the lowest o setlsng
of 0.6, The lowest overall amplitudes were found 10 be ot the
(highest) 1.6 puin setiing, but oo gain seiting would climinsie the
pulsations. The change in preferemial frequency with propomional
pain indicated that the control walve was imsimamental in
determining the acoustical Freguencaes thal are excited.

PROBLEM RESOLUTION

The most plowsible hypothesis for the generation of the pressure
pulsation is broadband furbulence generated as the pulp paises
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through the restrietion {V-nosch) of the consrml valve, As stated by
Tewins [6]: “Any structurne with a saffickently Bl (broad) riling
edge sheds voetices in o sbsonic flw, The voriex sireets fend 1o
he very similar regardless of the ripping stroctore. Periodic foroes
on the structure are gencrated & the wartices are alternotely shed
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| PRESSURE TEST POINT #P2

B L O I

10 PSI/DIV P-P
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Figure 16, Pregure vs Frequency af P2-1.6 Proporiianal Gaim o
Cenvtredl Vahoe,

fromm each side of the sructure” These rebationships also hold oo
for restrictions in pipe flow. The dimensionless Stroubal muember
(5] i the mame given o the constamnt of proponionalily between the
vorlex shedding freguency {'II.-F Hzb, snd the free siream velocity (L,
Isech dividesd by the resiriction width (D, @) in the following
rélation:

i, =% (U i3

The Strouhal number, 5, is o function of geemetry {shape of the
[lowe obstruction or restriction) and Beymollds namber for low Mach
onumher flowe. Sitvowhal nambers bave been anolytically o
experimentally determined for & number of geomeiric shapes ssch
as cancles (cylinders ), squares, and triangles along with infine nnsl
stugpered tube boanks us maoy be foaid in o best exchanger, They
have also been determined for a nismber of structural shapes such
s langed beams, chennels, and angles. Strouhal mumbers for Ve
fotch ball valves passing medium consitency pulp, however, have
il béen published

Av production rates of 360 ADET/D and 125 percent
consistency, the contrid valve operates b the range aof 30 pencent tn
A0 percent open and has & lorge pressure dop (B3 pai). For smal|
opemmgs, lhe ¥enoich ball acts a5 a restriction im the Aow o
generade periodic vomex panerns and urbslence. A small pressure
disiwrbance io a liquil sysiem can be amplifiesd as moch as 50
Hmes oF mode if it is coincident with the scoustic resonapt
frequencies of the piping systam, The hypothesis then ix that the
braad-bamd vortex shedding (Stroubal) freguencies of the control
valve cucited several modes (seowstle naturml Frequencies) ar
gtinding waves of the piping system resulling in a large
amplification of the valve rbulsnce w as much as 110 psi peak-
lo-peak pressure pulsations, These pulsstions then resulted jn farge
papuig systeéen vibrations due o shakisg forces al ench elbow at
witdely distributed piping mechanical frequencics. Mote also that
Ik valve is at the antinode, which is the mest efficient location for
s rmm pulsations for the goarer waves,

Based on the acoustic analyses of the piping sysiem, variation af
ihe: comtrol valve position changed the boundary comdition al (e
vilve and resulied in shifting the system peoustle natseal
frequencies which wauld exploin the observed freqoency
moddalation of Flgure 2. The bmoad-band wrbolence (Siroubal
frequency | goncrated by the valve depends an the velosity theough
the restriction. Vartatian of the contmol valve position would offect
the flow velocity &t the Vopotch which would have 8 minar effect
on the Stroubal ceiter requency of the birbubence,

A mumber of design changes o the sysiem were comsidensd
eliminate the pulsations:

|. Reduce the size of the combrol valve undbor the speed of the
panap kn orcder 10 reduce the “energy level™ of the vortices andfor
change the Srovhal frequency specim from the contred valve
These changes could reduce the evel of pulestions generated diss
1o flow through the valve, thereby reducing the amplificd scoustic
resonince; particulnrly if the frequency spectin can be changed in
thas manner. These changes coald, bowever, affect the pamp outpat
ardl impact the system requirements,

2 Attenuale the guarter-wave resonances and their multiples by
the addition of  pressure drop at the cutlet or open end of the pipe
(the mode) [T], Using an scousthe analysis [9] with a normalized
fescing function and the atesuation (damping), a parmmetric stdy
of the effect of pressure drop at tbe outlet of the pipe syslem was
performed. It showed that for a tws psi drop. 8 reduction in the
pressure pulsation from S0 pa zeco-10-peak to 14 psi 2ero-io-peak
could be expected, When the pressine drop was mereased to 1 psi,
sz resonances were dampsd oal A 20 psl pressure drog i the
owdled is eguivalend o o closed-closed sysveam and the halfowave
resonnnces and their multiples wene predicied.

3 Detups the sysiem by changing the pipe diameter over a
significant portion of [t leagth. The efeéct on the acousiic resonnt
frequency by changing 350 01 ol the piping @ 40 in dinmeter was
calculsted and an peoustic analysis was performed similar te the
pressure drop analysis, The sedults of this analysts indicated ihat
lower puisation amplitudes would result, bui the resonmm
frequencies could pot be moved completely oal of the rmnge of the
Frequencies peneraied by the contral valve,

4, Reduce the smplitude of the vorices nndfor change the Stroulal
frequenchss by modifying the geametry of the restriction n the
o, 1t i, the V-ball notch of the control valve. A change in the
wigdth of the restriction may change the Stroubal Frequency
sufficiendly 1o prevent the resomance with the piping acoustc
frequency. An orfice plate mounted in the pips immedisely after
the valve may sccomplish this by introducing additionsl losses
which would &2t 1o open the walve,

5. Dewne the system by chamging the acoustic vebocity of the
medisn consistency pulp. Since it i known that te addition of 4
g io o liquid bas a dramatic effect on s aeoustic velocly, this
coald be done by introducing air of snollser suitable gas into the
pulg in the pipeline downstream from the pumg and control valve,
This would have the additional benefit of reducing the sysiem
friction losses and, therefore, reducing wial svitem energy. The
disadvantoge is that it introduces another sysiem requirement {gas
sourge) with s reliabiliy and mainienance issues. The
istroduction of a gas into the pulp is not possible in every medium
cofsiEEncy system, as it would inierfere with some blesching
processes,

. Remove the Venoich contred valve and use another methed o
contridl the flow, sach &5 a varlable speed motor drve, The drive
wauld recerve the same sigisal from the level sensor, but would
advance ar retand pump speed i response (o that signal rather than
restricting fAow by pamially closing the control valve. The removal
oo 1he kevel comtral valve woiald eliminobe the pressire dmp BCTORS
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the valve, which should be beneficinl by Incrensing overall system
effickency.

In deeombibng the best metheds from ibe above choboss,
mimberd one i three werne discounted as being either loo thvias e
o the sysbem operabion of oo coslly, Mumber two (intredustion of
o preasaire dropoat the end of the pipeline) was ried, since the
cormpiter analyss indicated complee damping of the resonance if
a 1 pst drop could be schisved. A 16 I V-notch gale valve was
installed nr the end of the plpe and pulsaibons were recorded while
the valve was paneally clossd in sieps. Unforunately, only & small
amoum of pressune drog could be achieved dise 1o fear of plagging
this valve, due 10 the physical characteristics of medinm
conslgency pulp. Thes may be & viable solulbon 1o problems of thas
gl that do not bave the physical constraints of medium
consisency pulp. Mumber four was also anempled (orfice ploe
after valve), it also Failsd to conimbuie slgmbficanl pressure deop
al the orifice dinmeters, which it was felr, could be safely applwed
with ithis palp. A sesriction after the comiral valve has been
suceessful in controfling the palsing &0 o il simalar mill
lacation,

Subsequent 1o these failed abempls to resolve the problem, an
atiemps was mede o change the acoustie frequency of the piping
svptem (iem numsber () by imroducing o gas into the system,
this detwining the resonam scoustle (requenties of the piping From
thi forcing Scrouhal freqoencics &1 the valve. Thas sesulted mosomme
success, bat wos nog considered by this sysiem owner 1o be a viable
permangnt sedution for reasons aleeady meatbosed. Thse before and
aller effects are ahown In Figue |7 of mpectmg (066 achin of
nitrogen gos (opproximately 115 pescent by wolume) iwo the
piping immediately dowmsream from the contral valve (est polet
location P2} while pamping 105 percent consassency pulp. The
upper race depicis ihe pressure pulsations v tlme ar test polsi
lacation P2 before the addition of nirogen. The palsntions before
nitrogen was ndded were 100 psi o 130 psi peak-io-peak w o
period of abowt one sec cormesponding with the quamer-wave
resonant frequency. The kewer trce dephots the pressune palsations
v fimae after the nitrogen had been added 1w the system for 30 min
and was discharging a4 the pulp sorage tewer As he milPO@en was
being sdded, the pericd of the pulsation respomse progressively
incrensed o sbout 10 sec, while the smplinsde of the palse wes
reduesd o abour 30 pai o 30 pel peak-o-peak. This dad make a
sipnificant decrease in the piping vibrgion seventy, but did not
eliminnie it aliogether,
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A special test was aranged by temporasily replacing ihe fixed-
specd drive system with a vardable freguency motor deive (VD)
and memoving ke control valve from ke piping Palsation data
were measisned during a two b vest persod, as pulp was pamped at
comsistencles ranging from 10 percem 1o 12 percent with a flow
mnge of approximately 523 gpm ot 42% gpm. Data recoided
ihroaghout this test incloded static ard dymamic pressure, piping
vibration, motor current, and pemp apeed, These dsin were them
plotted e time as shown i Figures 18 asd 19, Mote that with ibe
VFI, the sysem experienced swdden pressupe drops imssemd of
presswre palsateons as with the coftrol valve. The peessune deops
WEere Nt a3 severs as the pressure palsation with the control valve.
Aldso, the period of the: pressore drops was directly proponional 1o
ke rmmp rabe (ihe rsie of clhanpge of moos speed Inerease) ol (he
mtor varinble speed contmoller. A Fairly short mmp e is depscted
im Figure 18, while o ramp rate about theee times as bong is
depicied in Figure 19 The occurrencs of these pressure diops |s
sz bo the Tact that the varishle speed drive rmmp rate had not been
taned 1o respond properly 1o 1the leved comralber sipnnl. 1 ks also
impaortant to pole that, with (he variahle spesd control, the sysem
rcoustic reeonance wis changed becauss of the removal of the V-
nonch valve restriction. Consequently. the quarier wave acousts
frequenceess of the piping were no longer bedng excied. The
pulestion frequency response at the 1.3 He and 3.8 He hanmonics
were eliminoted a5 shown in Figure 20, The eliminmion of the
harmonke sinnding waves In the pipe sipaificantly redoced the
vibrations of the piping system and supporting sirociure and il
harmffel damage that was occuming. In conclusion. the removal of
the comtrol valve with its 83 psi pressure drop removed the harmdful
pulse from the system. Operstion of the pump ai lower spesds
{hebow 2000 rpm) with the variabde speed molor may have
comrihuted to the improvement.
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Just price o conelucting the sarinbde speed drive (est, the piping
system was flushed with water A typical froquency specinam
abinined during this period is shown in Figure 21, At the time thess
data were reconded, the flow was approximately T30 gpm and the
comrod valve was B percent apen, 1i is intesesting 1o noie ihat ihe
mande shape of the harmonic has charged to half-wave (3.5 Hz) and
full-wave (7.1 Hz), This comelated with acoustic analyses of the
piping system with the conirol wlive open 8l a high percentnge.,
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which clianged the boumdery confiton © an open-open pips
gystem. The angplinde of the polzaboe vaded while pamping
waler (o thies pai peak-to-peak o aboal 25 pal peak-o-peak
depernding on the valve poskisn aid oo,

CONCLLISIONS

The following conclusions can be drawn from 1his case hasbory
of n medium consistency palp pumping sysiem;

® For this piping system with u control volve af the upstream end
arsdl nn open discharge, the valve generasd vorticioparbulence a
the Serowhol frequencies which excited quamer wove sinding
waves (dependent on the piping lemgth), Thess scosstic resonances
umplified the pressure pulsations and casssd lorge piping
vibrations, While » comparison of differemt cangrol valve hrands
wes 1ol conducted as pan of this cuse hiseory, the nunbsors ane swome
of severl ather medium consistency  puniping sysiems which
exhibit similar pressure pulsations, bat that wse diffemen
manmfocturers V-hall or reduced-pon ball conred valves,
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& The “stick-xlip™ flow phenomenon way mot the cause of
pulsaticns in this mediom consistency pulp cemimifugal pumping
syslerm. nor was |be centrifugal pamp isell considersd 31 fanlr

# |t is difficult fo defune pulsing mediom consistency pumping
sysfems  with treditional means of attenuation or  flow
manipalation becouse of the nature of the palp and ts propensity
for plugging.

# [npection of air, of a suitable gas, isio ibe pulp stream 10 lower
the scoustie velocity reduced the amplinde of the pul=ssions and
thaokr frequencies, bus did nod elimdnade thern. Gas injection may, or
enay rof b, o peactical sohution 1o problems of this fype.

# Remewval of the contral valve from this sysiem champed the
resonmnt [mxuencies of the sysbem, elimingled the exciting foroe,
ardl mimimazed the exciation of the ppng somsmtic natum
frequencies,

Cin the basis af these investigations, the oaner of these medinm
consisiency pump systems agreed that the best solution o this
pulsation problem was to utilize o different contral mechanizm that
did not rely on 8 controd valve. Thersfire, o wrishle frequency
muolor drive wiog installed in lete 1995, The sysems hove been
openiting since that time ol all flow and pelp consistency ranges
without the harmful pulsations amd vibrations coused by the
sinpding waves.

APPENDIX A
Tesring Provedines and strumscaiation

Several types of imsducers wene ased to geguine the fedd dat,
including accelerometers, dyvnamic pressure transducers, and
straingauges. The data that wese sequired during the ficld stody are
presenied i frequeney specira ina complex wave fommat,

Freguency Specira

The iramsducer siginal was processed with an FFT analyzer. The
data were then ploted in the freguency demain, amplilsde vs
frequency. Peaks o the datn Lypically indicate discrete frequency
coaorgy or harmonics of the signal.

Compler Wave Sthape
The tmnsducer signal was processed with an analog 1o digital

converier in the compeites; The fime domain dpin were then plofted
on ke digital |1-Ii,|ﬂ.!r.
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Tatsfe A-J. s Acguisirion Svsten.

COMPINENT PESCRIFTION § FLINCTIOHN

Anstin Pomable Muerocoommier- | 100 ME hasd disk, 2 MG RAM-ps

AR (M) as sysiem corgrodler o obisin el
[rocess i

HIF 358205 -RETA Two channel FFT malyrer, costrofled
vie [EEE 488 bus.

HI* 747k -Digital Ploine Twa pen digiml ploner for hardoogy,

conimlied via TEEE 48K hus

HP 23 L B=Coumesr Frequency counter wa provide
tachometer isdormmion. Conmrodled by
computer vin [EEE 455 e

PCBED 453402 Six chesese] sranslucer amplifics for

presune mansdisers sl
mekrnmoion Double micgraborn
dirtigned and installed by EDIL

TEAC XR-M-Dars Reconder | 21 chamreel FM mipe reconder,

Trans-Metric P27MH-500 Pressuro Transducer b0 measure sietic

aml dynamic pressure.

PCE SHIL | AZT Pressure Transiduces 1o misiie
ilynamic pweisdie,
PCE WEM2IE Accoloromeior i mesary

ncoelerntion, integrated o

displacement.

The datn acguisition system was set up in the building sesr the
east dacker pamp, The system included & portabie microcompates
that comtrolled the instrumenis via an [EEE 488 interface bus. An
FFT analyzer was used 1o oibain frequency analvses of the signals
fram the transdocers. Daring the stages of the wesalng, 0 21 channel
FM reconder was used v ohiain some of the dain simuliane ously,
A digital ploiter was used 1o genernie hambcopy outgut. The
primary compenents of the da acquisition syssem ure described in
Table |,

PampfSystem flowrnies were determinsd from data prosvided
from the mill comimol system ([3C5), Field samples of pulp
consistency were sluo obtuimed from the mall lnbormtory Eacilities,

APPENINX B
Appiication Giddelines

While this pump uesr declded (o0 msall o peronanent variable
freguency drive sysiem o resolve thelr pump system pulsation
problem, the hest way i, of course, w prevent such g system fram
being imstalled by predetermining che acoustic piping fegquencics
amd wvolve Siroukal frequency amd proveding for & sufficien
peparstinn margin The fallowkng sppheation guidelines ame
imtenidel o nid the reader in performing such a calcalation:

The i formwlae previously defined are used o determing the
acceistic velocily of the papiig syesin amd the quamer wave
resanance frequency,

0= 1XgEp 2 (161 + DEAE,) (B-13
and:
F={2M —1){atdl) (B-23
wihene|
N = |, 2, 3_ = harmaric

The szecond term in the eguabcn for ncomssic velocity s &
mindifving facior for Ihe influence of ibe elasticity of the contwiner
{pipe] on the acoustic velocity thal is also affecied by the pu'lp mir

comlent, palp consistency (densily or specifiic gravity), and
temperalime. The effect of ench of these modifying [aciors on the
acoushic velocity are discussed individually.

Nore: The nushors acknowledge that the gquarter-wave and
acoustic velocily relobons presenied here nre most pmp:ﬂy
applied 10 0 MNewiomian fluid, while mediam consistency paper
pulp is n complex, pen-Nesionian materinl, However, by making
comections for density, tempernture, and the effects of entrained air
these equations vield reasonable approximaisoms.

Warriardon af Acoustic Veloacity with Adr Convear

Medium consistency cenrrifugal pumps do no in pensrol,
remove &ll of the air frem the palp. A small smount B retained s
the fiker petwork or perhaps in the fibers themselves, This air
passes through the pump and enters the discharge pipe sysiem
Based upon the acoustic velocity dota from seversl mill sites, the
graph im Figure 22 wns developed showipg the percemt aly
remnalning in the palp sfier abr removad |noibe plemp ot swctbon
pressre condificns vy pereent 0D comskstency. A graph i shown
in Figume 23 |8] that can be used to correct the pipe sysiem acoustic
velocily once (the percent entruined alr B keown, Mole that
emrained alr hos a sipnificant effect on the acouste velocity as 0,1
pegcent nir by volume can halve the scoustic velocity, The percent
air by volume from Figuse 23 must be comecied o pipe system
pressure before using Figure 22 10 determine the Ky, factor,

alume Parcant &ir in Pulp
o a2 0.4 os A 1 1.2

308
i

1.2

Figure 22, K ~Covvection be Acowstie Velocity for the Efecr of
Ermtrained Alr,

14+ "’,"f

i) n2 o4 as aa 1
vialume Parcent Alr in Pulp

Figare 23, Retwired Air Coatear dn Medinn Consisrerney Palp Afrer
Air Renveval-Safiwoed Knrf,

Varimriar af Acoustic Velecity wilh Pulp Corsistency

The acoustie veloity is invensely propoional o the square oot
of fluld density. As the consisiersy of pulp increasss, its demsity
does likewise, The following relstionship can be used o calculae
pulp density at varfous consisiencies for use in the shove equation
for nooastic velochny,
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po= G240 + 00RC) {H-3)

where;

C = percent D consisency
po= density 1T

Varkmiai of Acoestic Velocity with Termperature

The graph shown in Figure 24 relages the effect of iemperaiune
oa acoustee velocaty omd is based om informaion conbsined in
Wylie [B]. This graph can be used to determine the sempesatune
correction factor (K} a1 various temperatures commen e mediom
oonsiEiency palp priscessng.

1.05

1.04
1.03 +
2102 ¢
101 |

oas . ;
L] 100 150 200 250

Temparalure - F

Fignure 4. K-Correction to Acoustic Velocity for the Effect of
Temperetire.

Variaion of Acouslic Velocity with Piping Geometry {Elasiicitu)

In neswompressible (Tiquid} systems, the flexibility of the pipe
will affects the spporent scowstic velocity of the liguid. The
Kovteweg correction factor (Kp) can be npplied (o the acoustic
velocity af the liquid fo accoumt for the pipe wall flexibilice. This
Fector is limited 1o thin wull pipes where the woll thickness is less
than 10 percent of the pipe diameger.

K= (141 + DEAE)'"? (B-4)
Where:
E = 318 = 107 pai, Bulk Modulus for waler
E, = 2% = 10% psi, Elastic Modulus for stainless steel pipe
D = mean pipe diameser, in
I =

pipe wall thickness, in
The equatsen lor acoustic velooity can now be resinbed as:

2= 12 (gEip) T x K, x Ky x Ky (B-3)

The scowste selocity i a medinm consisgency pulp pipe sysiem
ahould be dewermined by calculating the acousiic velocity in sach
plpe section (i.e., sach harizontal mn and each vertical run for each
pipe dismeser). After the sowmtic veboctty 15 known for 2ach
ek, the period for sxch section can be detemmined by dividing
the lemgth of cach section by the necustic vebocily for that ssction.
The average novustic velocily for the pipe sysiem would be the
total pipe lemgth divaded by the sam of the periods for each section,
Thia average sooustic velooily % then used im the equation for
darier wiave resaonance using the ol pipe kength.

Cratmi Valve Sorcing (Strahal) Frequency

The itesting perfiemed in this case hisiory confirmed that 1he
venlml valve was the source of the forcing frequency. Il was nbso

confirmesd that the cemter frequency of the Broad-band nidbulence
genembed by the level controd valve fodlows the cqustkon:

£o= 5 (D) { H-)

Typical valuzs of Strouhol numbers for wser from valve
mamafacturers ange from 0] w0 G003, Based upon the estng
comilucied, 0 wider mnge of Sirouhal numbers wos found v exis
For medivm comsistency pulp tending ownrds lower valises. Theng
are n number of voriabéss thet affect the caleulndons. [t coubd be
theorized that the Sitrovhal pumbers for valves in medium
consistency polp service are significamtly different than ihe
commaon values hecause the Reynodds number for walves passing
palp are much lewer ihan for valves in waier ssrvics, (Moie: The
apparent viscosity of medivm coemsistency pulp is moch higher tham
water and incresses with comsistency) The aathors coald not find
good datn for Strovhal pembers ihoi would apply o flow
restrictions such as g %bhall or for any valve in pulp service
However, hased on eaperience with several palaing medium
consistency piping syssems, the predominam forcing frequency
generally falls between one and two He
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